We have developed a technology to integrate a thin layer of liquid crystal (LC) on top of a Vertical-Cavity SurfaceEmitting Laser (VCSEL). Based on this technology, we demonstrate VCSELs with a chiral liquid crystal (CLC) layer, which acts as a tuneable mirror. The reflection properties of the CLC layer are controlled by temperature. Next we demonstrate VCSEL devices with tuneable external cavity using a nematic LC layer incorporated with an additional dielectric mirror (SiO 2 /Ta 2 O 5 ). The VCSEL and the LC layer can be electrically driven independently and the optical length in the external cavity can be tuned by the applied voltage on the LC layer. In both configurations we show that the emission properties of the VCSEL can be changed, in terms of emission wavelength, polarization state and/or lasing threshold.
INTRODUCTION
Because of its high emission efficiency and low operation power consumption, VCSELs (Vertical-Cavity SurfaceEmitting Lasers) have been broadly used as light sources in optoelectronic devices in the past decade in optical interconnects and sensing applications [1] [2] [3] [4] . The emission properties of VCSELs can be further improved to realize tunable polarization and wavelength [5] [6] [7] . In our previous publication, a technology to integrate a VCSEL chip into a standard liquid crystal (LC) cell is developed [8] . Based on this technology, a new type of device is developed for a broader range of functionalities. The basic idea is to introduce reflection of light back into the VCSEL cavity. It is realized by using chiral liquid crystals (CLCs) or nematic LCs incorporated with an extra reflector. In the first case the extra reflection arises from the photonic band gap of the LC material itself. In this work, we fabricate and characterize electrically driven VCSEL devices, in which the emitting area of the VCSEL is covered with a thin LC layer. Two different device structures are demonstrated: VCSEL with CLC overlay (CLC-VCSEL) and VCSEL with nematic LC combined with a dielectric mirror (DE-LC-VCSEL). For the first structure, the CLC layer has a photonic reflection band which covers the VCSEL emission wavelength, so that one circularly polarized mode of the laser emission which has the same handedness with the CLC helix is reflected and used as feedback into the VCSEL [9, 10] . For the second structure, the dielectric mirror provides strong reflection and forms an external cavity, in which nematic LC can be filled. It is observed that the polarization state and the wavelength of the laser emission can be controlled by the applied voltage across the nematic LC overlay.
CLC-VCSEL

Photonic band gap of CLC
In a chiral LC there is a natural twisting of the LC molecules and a non-chiral LC can be made chiral by dissolving a chiral dopant in a non-chiral nematic LC. For all results in this paper, BDH1305 (from Merck) is used as the chiral dopant. The nematic LC is 5CB. CLC has a helical structure of twisted LC molecules with a natural period, called the pitch. The pitch is determined by both the LC and the concentration of chiral dopant. The higher the dopant concentration, the shorter the CLC pitch. Similar to the electronic energy bands in a periodic crystal lattice, a photonic band structure is provided by the CLC helix structure. In a certain wavelength interval, light with the same handedness of circular polarization as the CLC helix is reflected as it is in the forbidden band gap. Therefore, this structure can selectively reflect circular polarization with the same handedness of the CLC helix, which provides a polarization selective optical feedback to the VCSEL. The handedness of CLC depends on both the type of chiral dopant and the type of LC solvent. An illustration of the CLC molecules and the electric field vectors of circularly polarized light is shown in Fig.1 . The molecules of the CLC rotate 360˚ over a certain distance, the pitch (p). The circularly polarized light which has a wavelength inside of the reflection band of the CLC (pn o < λ < pn e , with n o and n e respectively the ordinary and extraordinary index of refraction of the LC) and has the same handedness as the CLC helix will be reflected back. The circularly polarized light with the opposite handedness will be transmitted through the CLC. The chiral dopant concentration in all the experiments is such that the emission wavelength of the VCSEL (850 nm) is inside the reflection band of the CLC. When the LC changes from the nematic phase to the isotropic phase with increasing temperature, the reflection band disappears. Measurements confirm that the reflection band gradually disappears with increasing temperature. For 5CB the reflection band disappears at temperatures higher than 30°C, which is slightly lower than the phase transition temperature of pure 5CB. E7 has a broader nematic range from -10°C to 60.5°C. The reflection band of E7 host CLC disappears at about 60°C.
Polarization of CLC-VCSEL
The polarization state of the emission of the stand-alone VCSEL (before CLC is filled in the cell) and CLC-VCSEL (after CLC is filled in) is measured at different temperatures using a fixed driving current of 1.6mA which is well above the threshold current. All Stokes parameters are extracted from optical power measurements for different orientations of the quarter wave plate and the linear polarizer according to the procedure in [8] . The results for CLC thickness of 10µm are shown in Table 1 . The polarization of CLC-VCSEL gradually changes from left-handed circular to linear when temperature increases from 26˚C to 30˚C. This is because the host LC 5CB makes phase transition from nematic to isotropic in these temperature range. Noteworthy is the fact that the degree of circular polarization (represented by the Stokes parameter s3) of CLC-VCSEL reaches a higher value than the degree of linear polarization (represented by Stokes parameter s1 or s2) of stand-alone VCSEL. This means that the CLC layer can be used to increase the purity of the polarization state of the VCSEL. The measurements are compared with simulations using the plane wave expansion method [11] . The simulation of electric fields for left and right circularly polarized modes confirms this measured result. The simulation shows that the light is mainly linearly polarized (equal amounts of LCP and RCP) inside the VCSEL; while RCP light cannot propagate and the evanescent field decreases exponentially inside the CLC.
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Threshold of CLC-VCSEL
The threshold current was measured for a particular VCSEL chip before and after filling the cell with CLC (Fig. 2) . At room temperature (25°C) the measured threshold current is 0.49mA and 0.37mA for stand-alone VCSEL and CLC-VCSEL, respectively. This means that the threshold current of the CLC-VCSEL is lowered by about 25% compared with the stand-alone VCSEL. This is due to the increased reflectivity due to the CLC reflection. To understand the decreased threshold current of CLC-VCSEL compared with bare VCSEL, simulations of the threshold gain are performed for different thickness of CLC layer. The result is shown in Fig. 3 . It is observed that the threshold gain decreases with increasing thickness of CLC. This is due to the more effective reflectivity of the top mirror, including the top DBR reflector of the VCSEL and the selective CLC reflector. The thicker the CLC layer, the higher the reflectivity of the RCP component. Therefore, the lasing condition is fulfilled at lower threshold gain. When temperature is higher than 30˚C, the 5CB changes to isotropic phase and the CLC-VCSEL performs like a stand-alone VCSEL. The slope efficiency of the CLC-VCSEL was also measured and shown in Fig. 2 . In contrast to the threshold current, the efficiency of the CLC-VCSEL does not change much with temperature. This means that the emission efficiency of the CLC-VCSEL is similar with that of stand-alone VCSEL, which indicates that the loses produced by the extra CLC layer are very small. 
DE-LC-VCSEL
The CLC-VCSEL shows thermally tunable emission due to the optical feedback by the CLC cavity. The CLC reflects only one circular mode of light back to VCSEL. In contrast, the DE-LC-VCSEL has an external cavity realized by a dielectric mirror, which reflects light with all polarization states as long as the wavelength is inside of the reflection band of dielectric mirror. The nematic LC filled into the external cavity is aligned by photo-alignment technology and the LC molecules can be reoriented by applying a voltage across the LC layer. As a result, the emission properties from the device can be electrically tunable due to the effective refractive index change of the LC cavity.
Device design
The side view of the device is shown in Fig. 4 (a) . The transmission of the top glass plate is shown in Fig. 4 (b) . The cathode and anode of the VCSEL are electrically connected to the bottom ITO and the top chromium electrodes, respectively, through micro-sized gold coated silica embedded in UV cured optical glue. The diameter of these balls is 10 µm ± 0.1 µm. The physical length of the cavity between the VCSEL emitter and the dielectric reflector is determined by the diameter of these spacers. The alignment of the LC molecules in the external cavity is designed by the photoalignment layer and this planar alignment direction is chosen to coincide with the original linear polarization direction of the VCSEL (defined as 
Voltage tunable emission
The orientation of the LC for a certain applied voltage is represented in Fig. 6 . In the coordinate system, the rotation of the LC molecule director is inside the x-z plane and has a tilt angle of θ. The polarization modes P x is along x-axis and P y is along y-axis. The orientation of the LC molecule modulates the refractive index for the beam with polarization parallel with the LC alignment, the optical path length of this polarization mode (mode P x ) changes with the LC molecule orientation. While the orthogonal polarization mode which is perpendicular to the LC alignment plane (mode P y ) does not see any change of the refractive index and so its optical path length does not change with the LC molecule orientation. As a result, the threshold gain of the original mode P x varies as a function of the voltage applied on LC, but the threshold gain of the other mode P y remains the same. The measurement results of the optical power for two modes are presented in Fig. 7 . It is observed that at voltages of about 1V, 1.5V and 2.5V, the measured polarization switches from P x to P y . This is because the lasing mode is the one with relatively lower threshold gain. Originally, when no voltage is applied, the intrinsic threshold gain of P x is lower than that of P y , so that P x is the dominant polarization mode. If the threshold gain of P x changes with the voltage and is higher than the threshold of P y , the P y mode will be the dominant lasing mode. 
CONCLUSIONS
An integrated VCSEL device has been developed in which a CLC layer or the nematic LC incorporated with dielectric mirror acts as an external cavity. The emission properties of the device can be controlled by either changing the temperature of the CLC-VCSEL or applying voltages over the nematic LC layer in DE-LC-VCSEL, respectively.
